Abstract-In this paper, we propose a simple set of accurate frequency-domain design equations for calculation of optimum embedding impedances, optimum input power, bandwidth, and conversion efficiency of heterostructure-barrier-varactor (HBV) frequency triplers. A set of modeling equations for harmonic balance simulations of HBV multipliers are also given. A 141-GHz quasi-optical HBV tripler was designed using the method and experimental results show good agreement with the predicted results.
I. INTRODUCTION
T HE heterostructure-barrier-varactor (HBV) diode is ideally suited for frequency tripling in the millimeterand submillimeter-wave regime. The symmetric capacitance-voltage characteristic of the HBV allows for tripler design without requiring a second-harmonic idler circuit or dc bias. In principle, this should make HBV triplers easier to design than Schottky diode triplers. However, the complex device structure and device physics makes the overall tripler design process more difficult. In particular, the design and fabrication of the semiconductor device is more difficult than Schottky diode structures used in similar applications.
When first introduced by Kollberg et al., the HBV design focused on mesa structures for whisker contacting and calculation of the small-signal dc characteristics [1] . This work was followed by a more complete and detailed harmonic-balance-analysis-based design [2] and the fabrication of 2.5%-4.8% efficient planar geometry HBV's operating at 230-260 GHz [3] - [5] . Most recently, excellent HBV tripler results demonstrating an efficiency of 12% at 247 GHz with a 28 m area device have been reported by Mélique et al. [6] . These results clearly indicate that HBV's offer the best overall solution for millimeter-wave frequency triplers.
In order to continue the general utilization of HBV's, we offer a complete set of design equations for millimeter-wave HBV's. The equations are based upon the well-known analysis of Penfield and Rafuse [7] and can easily be used to calculate the optimum input power, optimum embedding impedances, bandwidth, and efficiency of HBV triplers. For convenience, the entire analysis given below can be easily run from the Internet via a Java interface by visiting devicesim.ee.virginia.edu. 
II. HBV MULTIPLIER FREQUENCY-DOMAIN DESIGN EQUATIONS

A. Analysis Overview
The analysis given below is an extension of the Schottky diode analysis in reference [8] , and similar to the analysis of varactor diodes presented by Penfield and Rafuse [7] , Burckhardt [9] , Tang [10] , as well as Krishnamurthi et al. [11] . Expressions describing the device nonlinear charge, nonlinear resistance, maximum applied voltage at breakdown, and parasitic resistance are combined with a frequency-domain impedance analysis in order to derive simple design expressions for optimum HBV triplers. The resulting design equations for embedding impedances, efficiency, input power, and bandwidth are for maximum conversion efficiency only. Using these equations and by varying the diode parameters, the effect on optimum multiplier performance can be explored. The proposed set of quick-design equations should be used as a starting point in an HBV tripler design procedure. The multiplier performance as a function of embedding impedances and further adjustments of the circuit must be explored with a more detailed large-signal simulator.
B. Analysis of Device Parameters
A generic layer structure of an HBV is shown in Table I . For multiple epitaxially stacked barriers, the layer sequence 2-5 is repeated times. The intrinsic part of the HBV consists of layers 2-6, where a high bandgap material (layer 4) prevents electron transport through the structure and the diode capacitance is modulated due to the depletion of carriers in layers 2 and 6.
In our analysis, we use a two-element model of the HBV multiplier: a nonlinear (differential) elastance in series with a nonlinear parasitic resistance . Since varactor mode of operation for HBV's is preferred, the diode is not allowed to be driven harder than the turn-on voltage for large conduction current ( ).
0018-9480/00$10.00 © 2000 IEEE During a pump cycle, the elastance is modulated due to the depletion of carriers and the overall elastance can, therefore, be expressed as the sum of a constant term and a nonlinear part as
where and are given in Table I , and dielectric constant of the barrier material; dielectric constant of the modulation region; voltage across the capacitor; charge stored in the HBV; device area; elastance due to accumulation of carriers; elastance due to depletion of carriers. The minimum elastance of an HBV is determined by the effective distance between charges on each side of the barrier. For a typical HBV structure (see Table I ), the minimum elastance can be estimated as
where is the extrinsic Debye length
If a smaller bandgap material is used for the spacer layers, the charges on each side of the barrier are confined in quantum wells adjacent to the barrier, which reduces the conduction current and increases the ratio [12] , [13] . In this case, the second term in (2) reduces to and the term should be dropped.
The maximum elastance during a pump cycle is determined by the drive level of the HBV, defined as (4) where is the charge at the turn-on voltage . Thus, drive 1 is equivalent to varactor mode of operation and drive 1 corresponds to operation between varistor and varactor mode. Optimum performance is achieved with maximum elastance swing and negligible conduction current compared to the displacement current and drive . Thus, the maximal extension of the depletion region is determined by the maximum electric field at breakdown or the effect of current saturation [14] , [15] . Hence, the maximum elastance swing is determined by one of the following conditions:
Condition 1: depletion layer punch-through ; Condition 2: large electron conduction across the barrier region at high electric fields; Condition 3: large electron conduction from impact ionization at high electric fields;
Condition 4: saturated electron velocity in the material determines the maximum length an electron can travel during a quarter of a pump cycle. Referring to condition 2, the conduction current is a strong function of the barrier height discontinuity and the electric field in the barrier. How to solve for under condition 2 is given in [16] . For condition 3, is a function of the doping concentration and can be calculated as described in [17] . Knowing , can be calculated as
The average electron velocity during one-half of the pump cycle for an HBV is . This value cannot exceed the saturated electron velocity for the material . For condition 4, the maximum length can be estimated as (6) To compensate for the current waveform, inertial, and other high-frequency effects, an additional factor is used. For Schottky diodes, the maximum extension is determined by [18] . Louhi et al. [15] have proposed for Schottky diode design, where is the order of multiplication. Assuming a sinusoidal current waveform, one can easily show that is equal to . From harmonic-balance analysis of HBV triplers, we have found that is typically between 1.5-2 and, hence, we suggest . Thus, for nominal operation , the maximal elastance is limited by (7) and the corresponding maximal voltage across the capacitor can be estimated as (8) The parasitic series resistance is the sum of the resistance of the undepleted active layers, the spreading resistance [19] , and the ohmic contact resistance. The resistance of the undepleted layers contributes to the intrinsic varactor model. All extrinsic impedances can be regarded as a part of the embedding circuit. If the modulation layers, i.e., 2 and 6 in Table I , are homogeneously doped and an abrupt space charge is assumed, the series resistance can be expressed as a function of the length of the depleted region as
where extrinsic series resistance (contact resistance, spreading resistance, etc.); zero-bias series resistance; length of the depleted region; thickness of the epitaxial modulation layer (2 and 6 in Table I ); resistivity of the modulation layer (10) Since the resistance (9) is varying with respect to the variation in the elastance, the above equation can be rewritten as (11) At high frequencies, the maximum elastance is reduced (6), (7) and the edge of the depleted region is smeared out and its sharpness varies with time [20] . Therefore, the elastance is modified by at high frequencies in our model.
C. Frequency-Domain Analysis of HBV Impedance
The voltage across the symmetric HBV is
The voltage waveform, current waveform, and elastance waveforms can be represented in the frequency domain as a Fourier series, and the circuit equation takes the following form for the th harmonic [7] , [8] : (13) Furthermore, by defining the complex modulation ratio as , the general form of the large-signal device impedance can be written as
The summation over all current and elastance harmonics in (14) yields a complex number that depends on the embedding circuit conditions and on the physical properties of the HBV itself. To determine the maximum conversion efficiency, i.e., when the pump power is completely absorbed and power delivered to the load at the third harmonic is maximized, we assume that the complex summation is independent of external conditions and the HBV layer structures. Consequently, the optimal embedding impedances for the HBV multiplier close to any operating condition can be expressed as (15) where , , , and are fitting coefficients. These coefficients can be determined by optimizing the circuit for maximum efficiency using harmonic-balance analysis. We have determined the coefficients for a wide range of device and circuit parameters (see Table II and Fig. 1 ). Hence, (15) can be used as a starting point to design the embedding circuit and a fairly ideal impedance match of the diode at the first and third harmonic frequencies will be achieved.
By introducing the dynamic cutoff frequency of a varactor [7] , the above expressions for optimal impedances can be rewritten as (16) where the dynamic cutoff frequency of a typical HBV can be derived from (2), (7) , and (9) as (17) Fig. 2 . Optimum conversion efficiency of HBV triplers simulated using the model (21) and (22) Equation (16) is similar to the result of Penfield and Rafuse [7] for Schottky diodes, but with additional terms and accounting for the high-frequency and large-signal nonlinear resistance of the device. It is also similar to the result obtained in [8] for Schottky diodes. However, the values of the coefficients shown in Table II are different, and an additional capacitance term is introduced. To maximize , the parasitic resistance should be minimized and should be large compared to .
D. Pump Power and Conversion Efficiency
The conversion efficiency is defined as the power delivered to the load at the third harmonic divided by the available input power. For a varactor multiplier, the efficiency is related to the ratio of the pump frequency and the dynamic cutoff frequency [7] , [21] . The maximum conversion efficiency can be estimated from the following empirical expression: (18) where and are extracted from detailed large-signal simulations for a wide range of devices and circuit conditions (see Table II and Fig. 2) . To maximize the efficiency, the dynamic cutoff frequency in (17) should be maximized and to avoid excessive losses. This maximum conversion efficiency is predicted for the optimal embedding impedances described by (16) .
Finally, the necessary input power to modulate the elastance of an HBV from to can be estimated as (19) where is a fitting coefficient (see Table II ). Equation (19) ensures that reasonable device parameters and required input powers are designed for a particular application.
E. Bandwidth Analysis
The maximum bandwidth , at which power can be coupled to the HBV input circuit, can be estimated from the Bode-Fano criteria for linear networks [22] . Under this condition, is given by (20) where is the reflection coefficient at the HBV input, is the pump frequency, and and are calculated using the coefficients in Table II and (16) . As expected, very high-efficiency HBV multipliers can only be impedance matched over a narrow frequency band.
III. HBV MODELS FOR HARMONIC-BALANCE SIMULATION
The theory above [i.e., (16)- (20)] is intended as a quick-design method and as a starting point for a more detailed harmonic-balance-design investigation. The device model described in this section is used to extract the coefficients in the previous section over a broad range of operating conditions. It can be used to model the performance of a complete multiplier circuit [23] . The voltage across the HBV capacitance and its displacement current can be expressed as [24] (21) The model is accurate for drive 1 and can easily be implemented in any harmonic-balance simulator. Furthermore, given the above voltage-charge relation, the parasitic series resistance can be expressed as (22) This model can be extended to include the conduction current [4] ( ). For a more detailed physical quasi-statical description, see Adamski et al. [25] . For detailed HBV analysis, codes combining time-dependent drift-diffusion numerical device analysis with frequency-domain harmonic-balance analysis can be used [2] , [26] ; this simulation code can also be run from the internet via a Java interface using devicesim.ee.virginia.edu.
IV. RESULTS AND DISCUSSION
A. Parameter Extraction for Optimal Design
All the coefficients were extracted by analyzing the HBV structure shown in Table III with the model described in Section III implemented in HP-MDS. The conversion efficiency was maximized by tuning the embedding impedances at the first and third harmonic, respectively. For the coefficient extraction, pump frequencies of 100 and 50 GHz were used. All simulations were performed by assuming a homogeneous temperature of K across the active device region, a device area of 50 m , and a field-independent (low field) electron mobility of cm /V s in the GaAs region. Simulations were performed over a wide range of operating conditions, (16), (18), and (19) were extracted (see Table II and Fig. 1 ). The maximum tripler conversion efficiency versus (Fig. 2 ) is obtained by using (18) and the coefficients and given in Table II . Coefficients , , and were found to be independent of the ratio, as expected. However, and are related to the conversion efficiency and, hence, functions of , as shown in Fig. 1 . These coefficients allow the optimum embedding impedances and the efficiency to be easily calculated for a wide range of device parameters.
B. Design Example
A 3 47 GHz quasi-optical tripler was designed and fabricated using the quick-design method above [27] . The planar four-barrier HBV diodes (UVA-NRL-1174-17) used for this circuit have a device area of 57 m and a material structure, as shown in Table III . The quick-design procedure is as follows.
1) A parasitic resistance
was estimated for the HBV [4] . With an electron mobility of cm /Vs, the total series resistance can be calculated to 16 .
2) The maximum extension of the depletion region is given by one of the four conditions described in Section II-B; the smallest value for becomes the limiting case. For this particular device, high conduction current due to self-heating determines the maximum elastance swing (case 2). Assuming a device temperature of 350 K, was calculated to 2000 Å, as described in [16] . 3) A cutoff frequency of 1 THz is estimated from (17). 4) The optimum embedding impedances can be calculated using (16), Table II , and Fig. 1 : and (single device). 5) A maximum HBV tripler efficiency of 33% is estimated from (18). 6) Finally, the required pump power is estimated to 26 mW from (19) .
Two diodes were soldered in parallel to lower the required circuit impedances and increase the power-handling capability.
The circuit was further optimized using harmonic-balance analysis with an HBV model [4] including conduction current through the structure. The optimum embedding impedances were adjusted to and for two diodes in parallel and a pump power of 25 mW. These impedance values are very close to the values quickly designed above in 4). Furthermore, the measured overall peak efficiency of the HBV tripler circuit was 9% for an input power of 31 mW per diode [27] . Input loss and output loss were estimated to 1 and 3.5 dB, respectively, for this circuit. The diode efficiency is calculated to 25% for an absorbed input power of 25 mW per diode. Experimental results verify that efficiency, optimal embedding impedances, and required pump power agree well with the above quick-design results [27] .
V. CONCLUSIONS AND SUMMARY
We have described a complete model for prediction of optimum embedding impedances, pump power, and efficiency of HBV triplers. The models can be used over a broad range of frequencies for a variety of HBV devices and circuits. Comparisons with experimental results are favorable. Based on the analysis described here, a new set of HBV's have been designed and will be tested in the near future. The HBV quickdesign method is available on-line through the web-interface http://devicesim.ee.virginia.edu.
